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We give a general expression of the dielectric constant tensor in orientational orders in the applied
static or low-frequency electric field for the semi-two-dimensional monolayer films withC`v
symmetry. The dielectric anisotropic orientational tensor and orientational polarization tensor are
derived in orientational order parameters. The nonlinear electro-optical Pockels effect including the
local-field influence is also discussed using the orientational orders. A numerical calculation result
shows that the first orientational order parameterS1 is a destructive order while the second
orientational orientational order parameterS2 is a constructive one to the dielectric constant in the



















































Recently there has been an upsurge of interest in
study of the relationship between the dynamical features
monolayer systems and their structures.1–3 The monolayer
films have been found to be closely similar to the biologi
membrane and have been used to explore the physical p
erties of the membrane structure. These systems often re
sent the principal component of the biological membrane
two manners. First, these monolayers can be viewed
quasi-two-dimensional~2D! systems determined by geo
metrical configuration on the molecule scale. Second,
orientational state of the constituent rodlike molecules
monolayers plays an important role in the dielectric prop
ties in the directions normal as well as parallel to the mo
layer surface. The state of monolayers usually can be c
acterized by certain order parameters.4 In monolayers of
polar molecules on a water surface, there are at least
kinds of order parameters; one is the planar order, i.e.,
molecular configuration describing the positional distributi
of the heads of molecules on a water surface,5,6 and the other
is the orientational order parameters.4 These two order pa
rameters have been found to be the fundamental param
for monolayer films and can be connected to some phys
quantities via some mathematical implementations. In
paper we are interested in the latter one.
The dielectric constant is an intricate coefficient refle
ing the dielectric response abilities of dielectric materials
the external electric fields.7 Its properties are strongly con
nected with monolayer structure, which determines the in
nal electric field produced by polar molecules. The inter
field calculation can resort to the 2D mean field theory,
study of which can be traced back to 1920s when Topp
performed a local electric-field calculation of the 2D array
rodlike uniaxial dipoles on a water surface.8 Some more re-10540021-9606/2000/112(23)/10548/8/$17.00
























cent work on dipole fields in layers can also be found in
literature.9–12 This kind of electric field attributed to the lat
tice structures can be expressed as a function of some i
action constant.6 Surveying on this, one should reflect th
famous Madelung coefficient in the crystal lattic
calculation,13 which gives a simple indicator for the crysta
structures of solids.
For monolayers, the calculation of the dielectric const
is also of considerable interest. Taylor and Bayes5 gave an
apparent dielectric constant definition accounting for the
polarization of the molecular dipoles for monolayer films
the basis of the Helmholtz model with the Helmholtz equ
tion ~HE! for unionized~free from ions! monolayers.14–16 It
was defined as the ratio of the potential difference across
monolayers as a result of interactions, to the potential diff
ence across the monolayers without any interactions.5 Based
on this definition, furthermore, the influence of the orien
tion of the constituent molecules in monolayer films on t
apparent dielectric constant can be carried out.17,18 Later,
Taylor and Bayes introduced an interaction constantg i the
calculation of the dielectric constant of monolayers on a w
ter surface.5 The definition as proposed by Tayloret al.
played an important role in the study of, for example, t
potential difference across monolayer films5,14,15 and the
Maxwell displacement current~MDC!.4,19 A major and ex-
plicit advantage is that various physical quantities of t
monolayer system without an external electric field can
simply expressed through such a constant. However, w
Taylor and Bayes defined is an apparent dielectric cons
for monolayer films, not the real dielectric constant measu
through experiment. As monolayer films consisting of co
stituent dipolar molecules have spontaneous polarizat
one should instead use the differential definition,7 i.e., a dif-
ferentiation of the displacement field with respect to the8 © 2000 American Institute of Physics









































































10549J. Chem. Phys., Vol. 112, No. 23, 15 June 2000 Dielectric tensor for monolayer filmsternal electric field at the point of zero external elect
field.20 Nevertheless, a general expression of dielectric c
stant for monolayers in terms of their structures is yet to
done. In this paper, we focus on this work.
Whenever the interfacial properties are discussed, u
ally nonlinear effects have to be considered due to the n
centrosymmetry at the interfaces. Many successful eff
have been made to describe the nonlinear optical activi
such as SHG, of noncentrosymmetric systems in the
several decades.21–25 The SHG technique has been wide
used to study the nonlinear optical response of some
vanced materials such as fullerenes. One the other h
when we discuss the dielectric response of monolayer fi
to the external electrostatic or low-frequency field, it is als
behavior associated with molecules. Only static or lo
frequency field can make us neglect the delay of molec
reaction. There have been literatures on the macrosc
properties in orientationally ordered materials.26–28However,
except for the second-order nonlinear properties such as
ceptibility, they gave no information on the coupling b
tween first orders, such as dielectric anisotropy and orie
tional motions. We also work on the influence of th
coupling effect on the dielectric constant in the present
per.
II. MODELIZATION OF MONOLAYER FILMS AND
ORIENTATIONAL ORDERS
Let us consider a monolayer film system consisting
constituent molecules on a substrate or on a water surf
whose dielectric effects are ignored. The substrate or
water surface and the monolayer film itself can be conside
as an infinite plane compared with the size of a single m
ecule with only several nanometers. We choose the coo
nate system in such a way that the monolayer planes
parallel to thexy plane and the monolayer normal falls alon
the positivez axis, as shown in Fig. 1. Each molecule
assumed to have a permanent dipole moment along its
FIG. 1. Molecular-orientational model used in the present paper. The m
ecules in monolayers are assumed to be uniaxial, depicted by an ellipso

























lecular long axis. The angle which the dipole moment at
origin makes with the layer normal is denoted byu. The
dipole at the origin discussed is assumed to be restric
within the angular range@0,uA# with sin
2 uA5A/pl
2 ~A, mo-
lecular area, andl, the effective length of long molecular axi
above the water surface!, due to the hard core repulsive in
teraction among molecules in monolayer films. Here
should be noted that as part of molecules may be more
less immersed in the water, we just consider the effec
part above the water surface, possibly because the part
mersed in the water is electrically screened compared w
the part protruding in the air. The hard core interaction p
duces no internal electric field in monolayer films, and c
be regarded as an infinitely deep potential well betwee
anduA for the tilt angleu. The molecular area decreases
the monolayer films are compressed. The molecule also
entates with a counterclockwise azimuthal anglew from they
axis. The coordinate system (x8,y8,z8) is attached to the
dipolar molecule at the origin with thez8 axis pointing to-
ward the molecular long axis, and thex8 axis on thexy plane
with a counterclockwise anglew away from thex axis.
As monolayer films consist of dipolar molecules, di
cussing molecular orientation makes more sense than o
physical quantities. This molecular orientation motion oft
manifests itself through the macroscopic alignment para
eters known as the orientational order parameters.4 The ori-
entational order parameters in fact statistically characte
the orientational state of materials and can be regarde
somewhat all-embracing parameters, which, as occurs
LCs, describe the alignment origin of the collective prop
ties of molecules in monolayers. We adopt the univer
definitionSn[^Pn(cosu)& for orientational order parameters
Here Pn(cosu) is the Legendre polynomials. It is appare
that S2 corresponds to the Maier–Saupe order first int
duced by Tsvetkov29,30 into LCs andS1 is typical for mono-
layer films because of the symmetry breaking at the in
faces. In this paper,S1 , S2 , and S3 will be used as three
fundamental orientational order parameters to describe
orientational state of monolayer films.
III. ELECTRONIC POLARIZABILITY AND
ANISOTROPIC ORDER PARAMETER TENSOR
Whenever we take the dielectric properties into cons
eration, it is no more than a reflection of the way the m
ecules of the medium are polarized by the local electric fie
Such a local field is produced by the external electric fi
and the polarization of the molecules in the vicinity. Th
polarization of atoms and molecules can be classified
electronic polarization, orientational polarization, and ion
polarization. The total polarizability for isotropic bulk mate
rials, considering the electronic polarization and orientatio






whereae is the linear electronic polarizability,k is the Bolt-
zmann constant, andT is the temperature. The last term
l-


















































10550 J. Chem. Phys., Vol. 112, No. 23, 15 June 2000 Wu et al.Eq. ~1! represents the contribution by the Boltzman
averaged orientations of the dipolar molecules in isotro
bulk materials, but for a monolayer system with lower sy
metry, it should be different, as will be shown later in E
~25!. Here the dipolar molecules in isotropic bulk materia
are assumed free to orientate~ignoring interactions!.
As the monolayer films we discuss are free from ions
is quite adequate to consider solely the electronic polar
tion and the orientational polarization. Each kind of atoms
molecules is characterized by an electronic polarizabil
which in most cases is not a scalar, but rather a tensor
result of dielectric anisotropy. Often the electronic polar
ability includes linear parts and nonlinear parts. The non
ear electronic polarizabilities originate from the quantum
teraction between electrons and the external field, which
be expressed through a perturbation expansion.23–25Here we
do not take the nonlinear parts higher than second order
account and assume that the polarization is isotropic in
plane perpendicular to the molecular long axis, i.e., the m
ecules are assumed to be dielectric uniaxial. In the molec
frame (x8,y8,z8), such an anisotropic electronic polarizab
ity is distributed on an ellipsoid of rotation, and written b
aJM
~1!5S a' 0 00 a' 0
0 0 a i
D , ~2!
wherea i anda' are the electronic polarizability parallel an
perpendicular to the molecular long axis, respectively. In
laboratory frame~x,y,z!, the description of the electronic po
larizability can be obtained through a transformation
aJ ~1!5FaJM
~1!F21, ~3!
where F is the transformation tensor from the molecu
frame (x8,y8,z8) to the laboratory frame~x, y, z!. More spe-
cifically, its elements are given by
axx
~1!5a'~cos
2 w1sin2 w cos2 u!1a i sin2 w sin2 u,
ayy
~1!5a'~sin
2 w1cos2 w cos2 u!1a i cos2 w sin2 u,
azz
~1!5a' sin




~1!52Da~1! sinw cosw sin2 u,
axz
~1!5azx
~1!52Da~1! sinw sinu cosu,
ayz
~1!5azy
~1!5Da~1! cosw sinu cosu,
whereDa (1)5a i2a' , reflecting the linear dielectric aniso
ropy of electronic polarization.
On the other hand, the nonlinear electronic polarizabi
aM ,i 8 j 8k8
(2) in the molecular frame (x8,y8,z8) can be trans-
formed to a macroscopic form̂a i jk
(2)& in the laboratory frame
~x, y, z! through the coordinate transformation tensorTJ,26
^a i jk
~2!&5^Tii 8Tj j 8Tkk8&aM ,i 8 j 8k8
~2! , ~5!
neglecting local-field effects. HereT5F. For monolayer



















isotropic in the plane of the monolayer surface, Eq.~5! yields
three independent elements ofa (2) in terms ofS1 andS3 ,
26
^azzz



























~2! S1 , ~6!
assuming that in the molecular frame (x8,y8,z8), only three
independent nonvanishing elements,aM ,z8z8z8





(2) , of second-order electronic polar
izability tensor exist. IfaM ,x8z8x8
(2) ÞaM ,x8x8z8
(2) , one gets four
independent nonvanishing elements in the laboratory fra
for systems withC`v symmetry.
31 S1 andS3 are the first and
the third orientational order parameters in the absence of
external field. We usêcos2 w&51/2 and rewrite the results o
Ref. 26 in terms of the orientational order parametersS1 and
S3 in a similar way as Ref. 32. Here it should be mention
that, for simplicity and in comparison to the following ca
culation of the first-order polarization, we ignore the loc
fields in Eq. ~6! ~which is second order! in the process of
mathematical performance. The consideration of the lo
field effect would inevitably involve a lengthy calculation o
interaction-weighted orientational average.33–35
Now we consider a system of molecules in a monola
film being subjected to an external electrostatic or lo
frequency fieldE5(Ex ,Ey ,Ez). Such an external field will
induce a polarizationm5m1aJ (1)•E1a (2):EE, whereaJ (1)
is the linear polarizability anda (2) is the second-order sus
ceptibility. The dipolar molecules at the origin experience
total electric field of (Ex ,Ey ,Ez1Ez
in), whereEz
in is the in-
ternal electric field produced by the molecules in the vicini
which is the orientational average of the fields at individu
molecules and thus is normal to the monolayer. As the p
manent dipole momentm coincides with the molecular long
axis, it is expressed asm5(2m sinu sinw,m sinu
3cosw,m cosu) in the laboratory frame. The interaction en





5mEx sinu sinw2mEy sinu cosw2m~Ez1Ez
in!cosu,
~7!
where ez is the z-direction unit vector in the laboratory
frame. It is reasonable to neglect the interaction energy
between the external field and the induced dipoles due to
electronic polarizationaJ (1) anda (2) in Eq. ~7!, because they
are proportional toEi
2 or Ei
3 ( i 5x,y,z) and as a whole only
effect the third-order or four-order nonlinearity after an e








































10551J. Chem. Phys., Vol. 112, No. 23, 15 June 2000 Dielectric tensor for monolayer filmstational position in the later calculations@Eq. ~8!#. In order to
calculate the polarization of the monolayer film, an avera
of the electronic polarizability Eq.~3! over all possible ori-
entational positions~w, u! of the molecule at the origin is








5a~1! IJ2 13 Da
~1!GJS21aNL
~1! , ~8!
wherea (1)5(a i12a')/3 is the linear electronic polarizabil
ity average representing the isotropic contribution,IJ is a 3
33 unit tensor,aNL
(1) is the nonlinear part of the polarizabilit








We discard all the higher-order expansion terms thanEi( i
5x,y,z) during the calculation of Eq.~8!, as they only cause
the third and the higher orders of polarizationm. G in Eq. ~8!
is a tensor consisting of integer elements given by
GJ5S 1 0 00 1 0
0 0 22
D . ~10!
Here we introduce a traceless anisotropic order param
tensorSJani,
SJani5GJS2 ~11!
to represent the influence of orientational order on the e
tronic anisotropy of molecules. HereS2 is the second orien
tational order parameter in the absence of external ele
field. If we keep in mind that the monolayer film discuss
has aC`v symmetry, there is nothing strange that the ani
tropic electronic polarization is only associated with the c
trosymmetric second orientational order parameterS2 ather
thanS1 or S3 , which possesses noncentrosymmetry, and
electronic polarization should remain unchanged under a
mutation operationx↔y and an inversion operationx→
2x or y→2y. Such structure symmetries of monolay
films immediately makeSJani diagonal andSani115Sani22, as
we can see in Eq.~11!.
IV. DIPOLE MOMENT AVERAGE IN AN EXTERNAL
ELECTRIC FIELD
When an external electrostatic or a low-frequency fi
E5(Ex ,Ey ,Ez) is applied to the monolayer film, the dipola
molecules prefer to reorient along the direction of the app
field due to the interaction given by Eq.~7!. In order to
discuss the nonlinear orientational influence of perman
dipole moments on the dielectric constant and for simplic
we make an assumption that the external fieldEi is larger
than the internal fieldEz
in so that the influence of the
molecule–molecule interaction on the polarizationm can be
neglected. Such an argument holds when the molecular aA












ent molecules in the monolayer film obeys the Boltzma
distribution rule, the average of the dipole moment comp



















in cosu/kTdw sinudu, ~12!
wherem i ( i 5x,y,z) is the i-direction component of the per
manent dipolem,WE is the interaction between the extern
field E and the polarized dipolem, and Z is the partition
function. After a lengthy calculation, the dipole moment a




SJ ori•E1mNL , ~13!
whereez is the unit vector along thez direction, andmNL is
the nonlinear orientational effect which will be discussed
later sections. Here we define a tensor




to describe the orientational polarization.SJori describes the
influence of the orientational motion of polar molecules
monolayer films, which brings an additional term to the d
electric polarizability, as will be shown later. It is clear th
SJori depends on the monolayer structure characterized by
two orientational parametersS1 andS2 . It is also found from
Eq. ~14! that in the bulk states, i.e.,S15S250, SJori5 IJ, the
orientational contribution becomesm2/3kT. This is nothing
but the Debye–Langevin equation Eq.~1!.
V. NONLINEAR POLARIZATION
Whenever the dielectric properties of monolayer film
are discussed, the nonlinear polarization is inevitably
volved, as the centrosymmetry has been broken at the in
face. The hyperpolarization arising from the nonlinear el
tronic polarizability ^aJ (2)&, nonlinear additional electronic
polarizability aNL
(1) produced by the local-field molecular in
teraction, and the nonlinear orientation-induced dipole m
ment mNL as a result of the interaction between the dipo







whereA is the area per molecule,h is the thickness of the
monolayer,̂ aJ (2)& is the second-order electronic polarizab
ity average neglecting the local-field effects expressed
Eq. ~6!. aNL
(1) in Eq. ~8! and Eq.~15! is written as
aNL
~1!5S g2Ez 0 g1Ex0 g2Ez g1Ey
g1Ex g1Ey 22g2Ez
























At the same time, the nonlinear orientation-induced dip

























For monolayer films, theC`v symmetry makes most o
the elements of the 3333 nonlinear polarizabilityx i jk
p
zero. We find that only three elements ofx i jk
p are indepen-
dent as a result of the centrosymmetry in thexy plane. Sub-






~2!&1dx i jk ~20!




Ah S 0 0 0 0 b1/2 00 0 0 b1/2 0 0
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-
where b15k11g11g2 , b25k21g1 , and b35k322g2
with g1 , g2 , k1 , k2 , andk3 expressed as Eq.~17! and Eq.
~19!. From Eqs.~17!, ~19!, and ~21!, it is shown that the
additional nonlinear polarization is induced by the nonline
orientational polarization of constituent dipolar molecul
and the coupling between the anisotropy of electronic po
ization and the orientational polarization. This is the nonl
earity due to local-field effects. Such an effect strongly d
pends on the permanent dipole momentm. When m50,
dx i jk50.
VI. DIELECTRIC CONSTANT AND POCKELS EFFECT
When an electrostatic field is applied to a monolay
film, the monolayer film is polarized and a displacement fie





@^m&1^aJ ~1!&•E1^aJ ~2!&:EE#. ~22!





5 IJ1 eJe1 eJori1 eJNL
5 IJ1
4p
Ah F S a~1! IJ1 m
2
3kT
SJ oriD2 13 Da~1!GJS2G1e i jkp Ek ,
~23!
where IJ is the unit tensor,eJe5(4p/Ah)a (1) IJ is the relative
dielectric constant due to the electronic polarizability,eJori
5(4p/Ah)(m2/3kT)SJori comes from the orientational mo
tion of molecules, ande i jk
p Ek is the nonlinear electrooptica
Pockels effect given bye i jk
p Ek5
8p









From Eq.~23! it is interesting to note that an appare






can be defined. This is a function of system’s structure
terms of orientational order parametersS1 and S2 , and re-
turns to Deybe–Langevin relationship@Eq. ~1!# when S1l
n
5S250. To gain more insight into Eq.~23!, we give a typical
example of the dependence of the dielectric constant
monolayer films on the orientational order parametersS1 and
S2 in Fig. 2, neglecting the nonlinear effect. We choosem
51 D, T5300 K, A520 Å2, h510 Å, a i54.8 Å3, a'
53.6 Å3. It is found thatezz increases whileexx(eyy) de-
creases with the increase ofS2 , because the alignment orde
along the normal~z! direction decreases the contribution






















































10553J. Chem. Phys., Vol. 112, No. 23, 15 June 2000 Dielectric tensor for monolayer filmsvealsezz increases whileS1 decreases. This indicates thatS1
is a destructive order andS2 is a constructive order to th
dielectric polarization along the normal direction. This
pretty important because we do see a dependence of di
tric constant on material structures. And it is interesting
note that two extreme casesezz5exx5eyy51.76 (S15S2
50) andezz51.30 andexx5eyy51.23 (S15S251) corre-
sponds to isotropic bulk materials and low temperature
sufficiently strong fields, respectively.
VII. DISCUSSION
The dielectric constant as expressed by Eq.~23! is com-
posed of the dielectric constant 1 in a vacuum, the isotro
electronic polarization, the orientational polarization, the
isotropic electronic polarization, and the nonlinear polari
tion, i.e., the Pockels effect. All these effects can be even
ally expressed in terms of the three orientational or
parametersS1 , S2 , and S3 , which reflect the structure fo
monolayer films. A comparison of the symmetry differen
between nematic liquid crystals and monolayer films imm
diately tells us that the dielectric constant of the nema
liquid crystals can be obtained by simply lettingS150 and
1/Ah as their density in Eq.~23!.
A. Internal electric field and molecular configuration
It is important to discuss the relationship between
internal electric fieldEz
in and the first orientational order pa
rameterS1 . Such an internal electric field is produced by t
dipole moments in the vicinity and can be calculated by
suming an infinite array of molecules with an effective d




wheregz is a nonunit factor reflecting the positional orde







FIG. 2. Typical dielectric constant withm51 D, T5300 K, A520 Å2, h
510 Å, a i54.8 Å3, a'53.6 Å
3 for Eq. ~23!. Here we ignore the nonlinea












wherea is the lattice constant andr i is the distance of mol-
ecules from the origin. The summation is carried out over
molecules except the one at the origin. For hexagonal pa
ing, gz511.0342.
5 Considering thatS1 itself can only be
calculated whenEz
in is known, we have a self-consisten








23S1 cosu/kT sinudu, ~27!
whereZu is the partition function with respect tou. A similar
way of calculation can also giveS2 andS3 . From Eqs.~11!,
~14!, and the above equation, we know that the internal e
tric field indirectly influences the dielectric constant throu
the three orientational order parametersS1 , S2 , andS3 .
B. Anisotropic order parameter tensor
The dielectric anisotropy of the monolayer films aris
from the anisotropy of a single molecule’s electronic pol
izability. Such a difference between the polarizations para
and perpendicular to the molecular long axis, after a Bo
mann average over all the molecules on an indefinite pla
leads to an additional collective term, i.e., the anisotro
part, to the dielectric constant. It is interesting from Eq.~11!
that in bulk states, the anisotropy disappears as a result o
average over all possible orientational positions. While
the other hand, a strong electric field (mE@kT) leads the
anisotropic order parameter tensor to
SJani5S 1 0 00 1 0
0 0 22
D S2 , ~28!
which means that a strong field inz direction will bring about
a positive anisotropic effect of 2Da (1)/3 on the electronic
polarization, and a strong field in eitherx or y direction will
arise an opposite effect but with half magnitude. It is impo
tant to note that the calculation of the anisotropic effect
this study is based on an assumption that the molecules
uniaxial, i.e., the polarizability distribution itself forms a ro
tational ellipsoid. In real cases, any deviation from t
uniaxial assumption will lead to a different, but similar r
sult. We do not include this part in the present calculatio
C. Orientational polarization tensor
The polar molecules in a weak external electric fie
tend to align approximately along the electric field, whi
create an induced dipole moment after a Boltzmann aver
over all polar molecules. The induced dipole moment d
pends on the electric field applied to the molecules. This
what the orientational polarization comes from. If we ta
the C`v symmetry of the monolayer film into account, the
is nothing strange that he orientational polarization tenso
defined by Eq.~14! is diagonal. Moreover, ifS150, Eq.~14!
is nothing but the result for nematic liquid crystals.
It is important to note that the orientational polarizatio
discussed in this study requires weak external electric fi
application, i.e.,mE!kT. In very high fields and at suffi-









































10554 J. Chem. Phys., Vol. 112, No. 23, 15 June 2000 Wu et al.ecules will completely align along the electric field, a limit
thermodynamic equilibrium withS15S251. When this hap-
pens,SJori50, i.e., the concepts of orientational polarizati
break down, but of course the electronic polarizability s
exists.
D. Nonlinear contribution: Coefficients of Pockels
effect in terms of orientational orders
If we notice that the monolayer film system is nonce
trosymmetric, it is natural that the nonlinearity is includ
into our dielectric constant calculation. Such structural ch
acteristic, on the other hand, can be described by the or
tational order parameters. Thus the Pockels effect shoul
able to be expressed in orientational orders. It is indica
from Eq. ~21! that the nonlinear Pockels effect in monolay
films is ascribed to the dielectric anisotropy@Eq. ~21!#, the
orientational polarization to the external field@Eq. ~21!#, and
the second-order response of the electronic polariza
@Eq. ~6!#. A comparison of Eq.~21! and Eqs.~17! and ~19!,
together with Eq.~6!, leads to the three independent, nonv
nishing elements of nonlinear polarizabilityx i jk
p 5x i jk







































































p , and xzxx
p 5xzyy
p . From
Eq. ~24!, the electro-optical Pockels effecte i jk
p are given by
e i jk
p 52x i jk
p . If we useDi5e i j Ej rather than the differentia
tion Eq. ~23! as the definition of the dielectric constant, th
e i jk
p 5x i jk
p . From Eq.~24!, it is indicated that the nonlinea
Pockels effect is attributed to the nonlinear electronic po
izationaM ,i 8 j 8k8
(2) ( i 5x,y,z) of a single molecule, the system
atic noncentrosymmetry, which can be quantized as orie










orientational polarization (}m3), and the coupling between
anisotropy and the orientation (}Da (1)m). As we know,
noncentrosymmetry is responsible for the nonlinear Pock
effect. All of these contributions also come from their no
centrosymmetric characteristic;aM ,i 8 j 8k8
(2) ( i , j ,k5x,y,z) can
be noncentrosymmetric;S1 and S3 in Eq. ~24! are noncen-
trosymmetric; and the permanent dipole moment is also n
centrosymmetric. The dielectric anisotropy itself in this p
per is centrosymmetric, but a coupling between t
anisotropy and the permanent dipole moment shows non
trosymmetry. The additional parts in Eq.~29! are, respec-
tively, proportional tom andm3, the signs of which change
under an operation of spatial inversion. From Eq.~24! and
Eq. ~29!, it is also found that in isotropic systems,S15S2






and thene i jk
p 50.
Naturally, to investigate the dielectric behaviors of o
ganic monolayers, the understanding of their spontane
(mS1), linear (aJ
(1)) and nonlinear (aJ (2)) polarizations is
very important. A combination of the Maxwell displaceme
current measurement (mS1),
37 the dielectric constant mea
surements (aJ (1)), the SHG detection (aJ (2)), and the above
analysis will be helpful. This requires a separate study.
VIII. CONCLUSION
The dielectric constant tensor for monolayer films is d
rived in a generalized form in terms of orientational orde
Two orientational tensors, the anisotropic orientational t
sor, and orientational polarization tensor, are defined to
scribe the polar orientational effect on the dielectric consta
The numerical calculation result shows that the first orien
tional order parameterS1 is a destructive order while the
second orientational order parameterS2 is a constructive one
to the dielectric constant in the normal direction of mon
layer films. The electro-optical Pockels effect is also e
pressed and discussed in orientational orders. The diele
constant tensor obtained gives a general description of
system consisting of polar molecules and withC`v symme-
try and will help to understand the dielectric properties of t
monolayer films at a molecular level.
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